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What the LHC is not really for . . .

Find the Higgs boson,
the Holy Grail of particle physics,
the source of all mass in the Universe.

Celebrate.

Then particle physics will be over.

We are not ticking off items on a shopping list . . .

We are exploring a vast new terrain
. . . and reaching the Fermi scale
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Challenge: Understanding the Everyday World

What would the world be like, without a (Higgs)
mechanism to hide electroweak symmetry and give
masses to the quarks and leptons? Consider the
effects of all the SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge
symmetries.

Consider the effects of all the
SU(3)c ⊗ SU(2)L ⊗ U(1)Y interactions!
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Modified Standard Model: No Higgs Sector: SM1

SU(3)c ⊗ SU(2)L ⊗ U(1)Y with massless u, d , e, ν

(treat SU(2)L ⊗ U(1)Y as perturbation)

Nucleon mass little changed:

Mp = C · ΛQCD + . . .

3
mu + md

2
= 10± 2 MeV

Small contribution from virtual strange quarks

MN decreases by < 10% in chiral limit
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QCD accounts for (most) visible mass in Universe

(not the Higgs boson)
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Modified Standard Model: No Higgs Sector: SM1

QCD has exact SU(2)L ⊗ SU(2)R chiral symmetry.

At an energy scale ∼ ΛQCD, strong interactions become
strong, fermion condensates 〈q̄q〉 appear, and

SU(2)L ⊗ SU(2)R → SU(2)V

; 3 Goldstone bosons, one for each broken generator:
3 massless pions (Nambu)
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Fermion condensate . . .

links left-handed, right-handed fermions

〈q̄q〉 = 〈q̄RqL + q̄LqR〉

transforms as SU(2)L doublet with |Y | = 1
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Induced breaking of SU(2)L ⊗ U(1)Y → U(1)em

Broken generators: 3 axial currents; couplings to π: fπ

Turn on SU(2)L ⊗ U(1)Y :
Weak bosons couple to axial currents, acquire mass ∼ gfπ

g ≈ 0.65, fπ = 92.4 MeV

M2 =


g 2 0 0 0
0 g 2 0 0
0 0 g 2 gg ′

0 0 gg ′ g ′2

 f 2
π

4
(b1, b2, b3,A)

same structure as standard EW theory
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Induced breaking of SU(2)L ⊗ U(1)Y → U(1)em

Diagonalize:

M2
W = g 2f 2

π /4

M2
Z = (g 2 + g ′2)f 2

π /4

M2
A = 0

M2
Z/M2

W = (g 2 + g ′2)/g 2 = 1/cos2 θW

NGBs become longitudinal components of weak bosons.

MW ≈ 30 MeV
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No fermion masses . . .

(Possible division of labor)

Inspiration for Technicolor ; Extended Technicolor . . .
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Electroweak scale

EW theory: choose v = (GF

√
2)−1/2 ≈ 246 GeV

SM: predict

G F = GF · (v 2/f̄ 2
π ) ≈ 8× 106 GF ≈ 93.25 GeV−2

Scale cross sections by (G F/GF)2 ≈ 6.4× 1013

Four-fermion partial-wave unitarity breaks down at
Ecm ≈ 600 GeV · (f̄π/v) ≈ 215 MeV in SM.

f̄π ≈ 0.94fπ ≈ 87 MeV

Consistent with MW = 28 MeV
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SM1: Hadron Spectrum

Pions absent (became longitudinal W±, Z 0)

ρ, ω, a1 “as usual”

∆ above N

Nucleon mass little changed: look in detail

Chris Quigg (FNAL/KIT) Gedanken Worlds without Higgs NIKHEF · 21 November 2008 12 / 37



Nucleon masses . . .

“Obvious” that proton should outweigh neutron

. . . but false in real world: Mn −Mp ≈ 1.293 MeV

SU(6) flavor-spin wave functions,

|p ↑〉 = (1/
√

18) (2u↑d↓u↑ − u↓d↑u↑ − u↑d↑u↓

−d↑u↓u↑ + 2d↓u↑u↑ − d↑u↑u↓

−u↑u↓d↑ − u↓u↑d↑ + 2u↑u↑d↓) ,

|n ↑〉 = −(1/
√

18) (2d↑u↓d↑ − d↓u↑d↑ − d↑u↑d↓

−u↑d↓d↑ + 2u↓d↑d↑ − u↑d↑d↓

−d↑d↓u↑ − d↓d↑u↑ + 2d↑d↑u↓) ,
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Nucleon masses . . .

Simple quark model:

M = M0 + nd(md −mu) +
〈α

r

〉∑
i<j eiej

−8π

3
|Ψij(0)|2

〈∑
i<j µiµj ~σi · ~σj

〉
.

M = M0 + nd(md −mu) + δMC

∑
i<j eiej

+δMM

〈∑
i<j eiej ~σi · ~σj

〉
,
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Nucleon masses . . .

Mp = M0 + (md −mu) + 4
3δMM

Mn = M0 + 2(md −mu)− 1
3δMC + δMM

Mn −Mp = (md −mu)− 1
3δMC − 1

3δMM.

In SM, proton would outweigh neutron,

Mn −Mp = −1
3δMC − 1

3δMM ≈ −1.7 MeV,

. . . but weak contributions enter.
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Aside: Better control of EM contributions soon?

New measurements of n and p form factors at JLAB

 ��b� �
Z 1

0

dQQ
2�

J0�Qb�
GE�Q2� � 
GM�Q2�

1� 

; (11)

with 
 � Q2

4M2 and J0 a cylindrical Bessel function.
A straightforward application of Eq. (11) to the proton

using the parameterizations [16,17] yields the results
shown in the upper panel of Fig. 1. The curves obtained
using the two different parameterizations overlap. Further-
more, there is negligible sensitivity to form factors at very
high values of Q2 that are currently unmeasured. The
density is peaked at low values of b, but has a long positive
tail, suggestive of a long-ranged, positively charged pion
cloud.

The neutron results are shown in the lower panel of
Fig. 1. The curves obtained using the two different param-
eterizations seem to overlap, but see below. The surprising
result is that the central neutron charge density is negative.
If the neutron is sometimes a proton surrounded by a
negatively charged pionic cloud, one would expect to
obtain a positive central density [7]. Another mechanism
involving correlations in the nucleonic wave function in-
duced by one gluon exchange would also lead to a positive
central density because the interaction between two iden-
tical d quarks [6] is repulsive. The values of the integral of
Eq. (11) are somewhat sensitive to the regime 2< 
< 4
for whichGE is as yet unmeasured. About 30% of the value
of ��0� arises from this region.

The negative central density deserves further explana-
tion. The upper panel of Fig. 2 shows F1 for the neutron
obtained using the two different parameterizations which
are observably different. However, in both cases F1 is

negative [because of the dominance of the GM term of
Eq. (11)] for all values of Q2. This, along with taking b �
0, J0�Qb� � 1 in Eq. (11), leads immediately to the central
negative result. The long range structure of the charge
density is captured by displaying the quantity b��b� in
the lower panel of Fig. 2. At very large distances from
the center, again suggesting the existence of the long-
ranged pion cloud.

The present analysis provides detailed information
about the location of charge density within the nucleon,
and also incorporates the lore regarding mean-square-radii
(MSR). It has long been known that the MSR defined by
the form factor GE is dominated by the Foldy term
�1:91=�4M2� � �0:126 fm2 [19,20] arising from the
neutron magnetic moment F2�0�. The experimental value
of the GE MSR, cited in [17], is ��0:114� 0:003� fm2, so
the MSR associated with F1 (obtained from the integralR
d2bb2��b�) is small and positive (� 0:012 fm2). This

result is consistent with Figs. 1 and 2. However, knowing
the MRS of F1 does not, by itself, allow one to conclude
that the central neutron charge density is negative, does not
reveal the critical model-independent feature that at the
very largest distances the charge density is negative and
does not imply the oscillatory behavior displayed in Figs. 1
and 2.

One can gain information about the individual u and d
quark densities by invoking charge symmetry [invariance
under a rotation by � about the z (charge) axis in isospin
space] [21] so that the u, d densities in the proton are the
same as the d, u densities in the neutron. We also neglect
the effects of s�s [22] or heavier pairs of quarks. In this case
�u�b� � �p�b� � �n�b�=2, �d�b� � �p�b� � 2�n�b�. The
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FIG. 1 (color online). Upper panel: proton charge density
��b�. Lower panel: neutron charge density. The solid curves
use the parameterization of [17], and the dashed (red) curve uses
[16].
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FIG. 2 (color online). Upper panel: F1. Lower panel: b��b� in
transverse position space. The solid curves are obtained using
[17] and the dashed curves with [16].

PRL 99, 112001 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
14 SEPTEMBER 2007

112001-3

G. Miller, PRL 99, 112001 (2007)

GE , GM determinations
should soon allow more
accurate evaluation of
Born terms in the
Cottingham formula
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Weak contributions are not negligible

Mn −Mp

∣∣
weak
∝ dd − uu

u,d

u,d

u,d

u,d

Z

Mn −Mp

∣∣
weak

=
G FΛ3

h

√
2

3
xW(1− 2xW) ≈ G FΛ3

h

√
2

24

=
Λ3

h

3f̄ 2
π

xW(1− 2xW) ≈ Λ3
h

24f̄ 2
π

> 0

xW = sin2θW ≈ 1
4 perhaps a few MeV?
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Bending the rules . . .

Mn −Mp

∣∣
weak

doesn’t depend on g
(in point-coupling limit)

Mn −Mp

∣∣
em
∝ α ∝ g 2xW

Amusing that (for fixed xW)
increasing or decreasing g

increases or decreases em with respect to weak
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Consequences for β decay

Scale decay rate Γ ∼ G
2
F|∆M |5/192π3 (rapid!)

n→ pe−ν̄e or p → ne+νe

Example: Mp −Mn = Mn −Mp ; τ̄p ≈ 14 ps

No Hydrogen Atom

Neutron could be lightest nucleus
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Strong coupling in SM
In SM, Higgs boson regulates high-energy behavior

Gedanken experiment: scattering of

W +
L W−

L

Z 0
L Z 0

L√
2

HH√
2

HZ 0
L

In high-energy limit, s-wave amplitudes

lim
s�M2

H

(a0)→ −GFM2
H

4π
√

2
·


1 1/

√
8 1/

√
8 0

1/
√

8 3/4 1/4 0

1/
√

8 1/4 3/4 0
0 0 0 1/2

 .
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Strong coupling in SM

In standard model, |a0| ≤ 1 yields

MH ≤

(
8π
√

2

3GF

)1/2

= 4v
√
π/3 = 1 TeV

In SM1 Gedanken world,

MH ≤

(
8π
√

2

3G F

)1/2

= 4f̄π
√
π/3 ≈ 350 MeV

violated because no Higgs boson ; strong scattering
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Strong coupling in SM
SM with (very) heavy Higgs boson:

s-wave W +W−, Z 0Z 0 scattering as s � M2
W ,M

2
Z :

a0 =
s

32πv 2

[
1
√

2√
2 0

]
Largest eigenvalue: amax

0 = s/16πv 2

|a0| ≤ 1⇒
√

s? = 4
√
πv ≈ 1.74 TeV

SM:
√

s? = 4
√
πf̄π ≈ 620 MeV

SM becomes strongly coupled on the hadronic scale
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Strong coupling in SM

As in standard model . . .

I = 0, J = 0 and I = 1, J = 1: attractive
I = 2, J = 0: repulsive

As partial-wave amplitudes approach bounds,
WW , WZ , ZZ resonances form,
multiple production of W and Z

in emulation of ππ scattering approaching 1 GeV

Detailed projections depend on unitarization protocol
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What about atoms?

Suppose some light elements produced in BBN survive

Massless e =⇒∞ Bohr radius

No meaningful atoms

No valence bonding

No integrity of matter, no stable structures
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Strong-interaction symmetries

� Strong CP problem: Lθ =
θg 2

s

32π2
G a
µνG̃ aµν

can be tuned away if at least one mq = 0

� Real world: strong interactions respect P & C
Gedanken world: long-range “strong”
interactions from W ,Z exchange (no pions)
so P & C are violated

Look more closely at NN interaction in SM1
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Nuclear force in the Gedanken world

� Size of hadrons:
1/mπ ≈ 1.4 fm in real world
1/MW ≈ 7 fm in SM1

� π-exchange in real world

A(N1N2 → N3N4) ∼ g 2
πNN

m2
π

gπNN ≈ 14

W -exchange in Gedanken world

A(N1N2 → N3N4) ∼ g 2

8M
2
W

∼ 1

2f̄ 2
π
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Nuclear force in the Gedanken world

� NN scattering amplitude smaller in SM1:

Ā/A =
m2
π

2f̄ 2
π g 2

πNN

= 0.0065

but (as we saw) 5× longer range

� Bound states as ξ = 2µV0a2/~2π2 ∼ O(1)
V

r

V0

a (µ: reduced mass)

ξ̄

ξ
=

m2
π

2f̄ 2
π g 2

πNN

· m2
π

M
2
W

≈ 1

6

Not � 1
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Weak interactions in SM1

Real world:

σtot(νµN)/Eν = (0.677± 0.014)× 10−38 cm2 GeV−1

Eν ∼ 30 – 200 GeV

Scaling by (G F/GF)2 = 6.4× 1013 ;

σtot(νeN)/Eν ≈ 435 mb GeV−1

(point-coupling limit)

W -propagator damps at Eν ≈ 4 MeV

Rough estimate: σtot(νeN) ∼ 1 mb
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EWSB with ng > 1 fermion generations: SMng

Spontaneously broken SU(ng)L ⊗ SU(ng)R → SU(ng)V

|Π+〉 =
1
√

ng

∑ng

i=1 |ui d̄i〉

|Π0〉 =
1√
2ng

∑ng

i=1 |(ui ūi − di d̄i)〉

|Π−〉 =
1
√

ng

∑ng

i=1 |di ūi〉.

3 of (4n2
g − 1) NGBs

M
2
W = ng g 2f̄ 2

π /4 M
2
Z = ng(g 2 + g ′ 2)f̄ 2

π /4 G F ∝ 1/ng

so
√

s? = 4
√
πng f̄π ≈ 620

√
ng MeV
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Meson spectrum in SMng

n2
g NGBs each with charge ±1

∼ real-world π± (ng = 1); & K±, D±, D±s (ng = 2)

2ng(ng − 1) charge-zero NGBs with flavor
∼ K 0, K̄ 0, and D0, D̄0 (ng = 2)

2ng − 1 self-conjugate flavor-nonsinglet NGBs
∼ π0 (ng = 1); & η and ηc (ng = 2)

After EWSB, 4n2
g − 4 NGBs

; very large hadrons, very long range nuclear forces
Goldberger–Treiman: |gA|MN = fπgπNN
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Baryon spectrum in SMng

Similar to real-world spectrum . . .

nq ⊗ nq ⊗ nq = S3 ⊕M1 ⊕M2 ⊕ A3

dim(S3) =
nq(nq + 1)(nq + 2)

3!

dim(M) =
nq(n2

q − 1)

3

dim(A3) =

(
nq

3

)
SU(2ng)flavor symmetry exact

equal masses within multiplets
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Massless fermion pathologies . . .

Vacuum readily breaks down to e+e− plasma
. . . persists with GUT-induced tiny masses

“hard” fermion masses: explicit SU(2)L ⊗ U(1)Y breaking
NGBs −→ pNGBs

SMm: aJ(f f̄ → W +
L W−

L ) ∝ GFmf Ecm

saturate p.w. unitarity at

Ef '
4π
√

2√
3ηf GFmf

=
8πv 2

√
3ηf mf

ηf = 1(Nc) for leptons (quarks)
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SMm . . .

Add explicit fermion masses to SM

aJ(f f̄ → W +
L W−

L ) unitarity respected up to√
s? = 4

√
πng f̄π ≈ 620

√
ng MeV

(condition from WW scattering)

; mf .
2
√
πng f̄π√
3ηf

≈
{

126
√

ng MeV (leptons)
73
√

ng MeV (quarks)

would accommodate real-world e, u, d masses
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Extension to Nc > 3

EWSB scale is related to QCD confinement scale in SM

Examine Nc scaling laws, Nc →∞ limit

QCD: hold g 2
3 Nc = constant as Nc →∞

Anomaly freedom fixes quark charges:
eu = ed + 1 = 1

2 [1− (2ee + 1)/Nc]

SU(2)L ⊗ U(1)Y : g 2Nc, g ′ 2Nc, e2Nc → fixed as Nc →∞
. . . compensates fπ ∝

√
Nc

MW independent of Nc, so G F ∝ 1/
√

Nc
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In summary . . .

SM: QCD-induced SU(2)L ⊗ U(1)Y → U(1)em

No fermion masses; division of labor?

No physical pions in SM1

No quark masses: proton outweighs neutron ?

Infinitesimal me : integrity of matter compromised

SM exhibits strong W ,Z dynamics below 1 GeV

MW ≈ 30 MeV in Gedanken world

G F ∼ 107 GF: accelerates β decay

Weak, hadronic int. comparable; nuclear forces

Infinitesimal m`: vacuum breakdown, e+e− plasma

SMm: effective theory through hadronic scale
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Outlook

How different a world, without a Higgs mechanism:
preparation for interpreting LHC insights

SM an explicit theoretical laboratory
complement to studies that retain Higgs, vary v

(very intricate alternative realities)

fresh look at the way we have understood the real world
(possibility of > 1 source of SSB)

How might EWSB deviate from the Higgs mechanism?
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